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I. Introduction
T ETRAMETHYLAMMONIUM hydroxide (TMAH) is a major ingredient of photoresist developer widely used in thin-film transistor liquid crystal display (TFT-LCD) and light emitting diode (LED) manufacturing processes [1] . It is also used as an alkaline etchant and as a cleaning solution in semiconductor manufacturing [2] . Other applications of TMAH include thermochemolysis of materials, e.g. woods [3] - [5] . As a highly toxic chemical, several symptoms of poisoning caused by TMAH have been reported [6] . Respiratory failure and chemical burns in rat model have been published as well [7] , [8] . Fatal case of TMAH exposure occurred in Taiwan, when an engineer was accidentally exposed to concentrated TMAH solution (25%) [9] . It is noted as well that as a nitrogen-containing compound, excess amount of TMAH in wastewater may cause eutrophication of receiving water body. Significant amount of TMAH is commonly found in wastewater from these industries. It is imperative that TMAHcontaining wastewater has to be properly treated before it is discharged to the environment.
While removal technologies of simple ammonium compounds are well established, more complicated ammonium compounds, such as TMAH are known as hard to handle [10] . Several studies have been conducted to treat the TMAHcontaining wastewater, including conventional activated sludge [10] , aerobic [11] , and anaerobic degradation [12] , [13] . These biological methods may require high capital and operation costs, thus contributing significantly to overall manufacturing expenses. Adsorption process has been investigated for TMAH removal [14] , [15] . A combination of electrodialysis and ion exchange technology can remove and recover TMAH from wastewater [1] , [16] . It has been found that by employing two different types of resin, namely cation exchange and anion exchange resin, TMAH can be recovered and reused in the manufacturing process [16] . However, reaction mechanism and important parameters were not fully delineated. In this study, two different kinds of cation exchange resins, strong acid cation (SAC) and weak acid cation (WAC), were used to remove TMA + from aqueous solution, and various parameters, including pH and interfering cations were examined. A theoretical model was developed to describe the process as well. It is aimed to provide a systematic and comprehensive study on the ion exchange of TMAH. It may benefit current treatment technologies for amine compounds.
II. Material and Methods

A. Resin Used
Two kinds of cation exchange resins were used, namely SAC resin (Dowex Monosphere 650C) and WAC resin (Dowex MAC-3). The properties of the resins used are shown in Table I . The surface area of WAC was assessed using methylene blue (MB) adsorption with initial concentration of 50 mg/L and different resin weights. The concentration of MB was measured using Hach DR/4000U spectrophotometer. The wavelength used was 660 nm, measured using wavelength scanning. Brunauer-Emmet-Teller (BET) adsorption isotherm was then applied to adsorption data [19] , and the surface area for WAC was determined as 835.0 m 2 /g using the equation:
Where q e is equilibrium uptake (in mol/g), x is equilibrium concentration of MB divided by MB solubility in water 0894-6507/$31.00 c 2013 IEEE [20] .
B. Kinetics and pH Study
The working solutions of TMAH were prepared from 25% TMAH (w/w) stock solution by dilution with deionized water. The synthetic solution of TMAH is used for ion exchange, as prepared from stock solution. In the kinetic study, TMAH of initial concentration (C i ) of 400 mg/L (in TMA + ) was allowed to react with 2 g/L of the resin. No pH adjustment was performed when using SAC. When using WAC, equilibrium pH was adjusted to 7±0.1. Samples were taken at different time intervals, and analyzed. The concentrations of TMA + before and after ion exchange were determined using an ion chromatograph (Dionex ICS-1000), equipped with polyether ether ketone (PEEK) IonPac® CS 18 cation exchange column, IonPac® CG 18 guard, Dionex CSRS® 300 2 mm suppressor, and autosampler Spectra System AS-1000. The eluent used was 5 mM methanesulfonic acid. The amount of TMA + removed from the solution was calculated from the initial and final concentrations of TMA + in the aqueous phase.
C. Equilibrium Study
Equilibrium experiments were carried out by preparing various aqueous solutions with known initial concentrations of TMA + , and resin with fixed weight was added to the solutions. To study the effect of pH, the initial concentration of TMA + was 400 mg/L, and the equilibrium pH was adjusted to between 2 and 12 by using 0.1 N HCl and NaOH solutions. Equilibrium time was 20 minutes and 40 minutes for SAC and WAC, respectively. Experiments were performed in batchmode operation. After ion exchange reaction was completed, the resins were separated by filtration using 0.45 μm PVDF membrane and analyzed for equilibrium TMA + concentrations. For regeneration process, the resin after ion exchange equilibrium was washed with deionized water several times, and then put in 50 mL HCl solution for desorption. In the preliminary experiments, the concentrations of HCl solutions used were 1 N and 2 N. The solution was then stirred for 20 minutes (SAC) and 40 minutes (WAC) at a speed of 50 rpm. After 20 and 40 minutes, the resins were separated again from solution and washed with deionized water, dried until constant weight, and reused again for next cycle of TMA + removal. Different regeneration efficiency with different acid concentration was observed, hence hydrochloric acid solutions ranging from 0.5 to 2.5 N were used to regenerate both resins to study the effect of acid concentration, with the same experimental conditions as described previously. Contact time study was only performed for WAC, taking time range of 20 to 120 minutes. The regenerant solution was then analyzed for its TMA + concentration. It is noted that NaOH solution was added to raise the pH so that it can be detected by ion chromatograph, and the addition was counted as dilution. The cycle of such ion exchange and desorption was repeated for 5 times.
D. Effect of Interfering Ions on TMAH Uptake Using SAC
To investigate the effect of presence of other ions in wastewater on the removal of TMAH, several common ions were spiked to the TMAH solution. They were ammonium, potassium, magnesium, and sodium. Known amount of those ions were added to the solution containing 400 mg/L TMA + in total volume of 50 mL, then ion exchange reactions were performed. Hydrochloric acid solution was added to maintain the final pH at 3±0.1. Separate experiments (binary system) using only SAC and interfering ions were also performed to obtain the values of selectivity coefficients. The results were then combined with binary systems of TMAH to yield model prediction of interfering ion effects.
III. Results and Discussion
A. Reaction Kinetics
It was found that the time needed to reach equilibrium was 20 and 40 minutes when using SAC (Fig. 1a) and WAC (Fig. 1b) exchange resins, respectively. In a previous study, a 5 minute contact time was needed to reach equilibrium value of TMA + uptake using Amberlite resin [16] . Studies on ammonium uptake using several different ion exchange materials showed that there is no significant removal after 4 hours, with equilibrium time varying from 10 to 60 minutes [21] - [25] . Dimethylamine (DMA) was effectively removed from solution using cation exchange resin in 12 minutes of contact time [26] . It is evident that the time needed for ion exchange material to reach equilibrium varies with different operating conditions (type of ion exchangers, compounds involved, and pH). Pseudo-second order kinetic model fits the data well. Pseudo-second order model was chosen because it was constructed under the phenomenon of valence forces through sharing or electron exchange, as what occurs in ion exchange. The equation for pseudo-second order kinetic is shown below:
Where qt denotes uptake capacity at any given time (mg/g), t represents time (minutes), q e and k 2 were pseudo second order parameters, representing the equilibrium adsorption capacity (mg/g) and the rate constant (g/mg/min). The values of those parameters are tabulated in Table II . The variation in k 2 value also occurs in accordance to the experimental variables. Previous studies investigating the kinetics of ion exchange reported the k 2 value of 0.79 g/mg/min for adsorption of ammonium using zeolite 13 X [27]; 0.0026 for adsorption of dimethylamine onto ZGSPC106 strong acid cation exchange resin [26] . The analysis using pseudo-second order kinetic model suggests faster exchange rate between TMA + ion and H + in SAC compared with WAC. The SAC matrix contains sulphonic acid groups which are readily dissociated in solution and thus exchange between ions can take place easily. Carboxylic acid groups in WAC behaves as weak acid, hence the dissociation behavior is more significantly affected by the solution pH.
B. The Effects of pH
The investigation of pH effect on TMA + uptake was conducted and a series of experiments were performed by adjusting the equilibrium pH of solutions from 2 to 12. Since TMAH is readily dissociated in solutions over the entire range of pH, the variable affecting TMA + uptake is then dissociation of fixed groups of the resin as affected by pH. When using SAC, the experimental data demonstrated pH has an insignificant effect on TMA + uptake (Fig. 2a) . It was found that the equilibrium pH has a propensity to reach value of 2 to 3 regardless the value of initial pH, due to the strong acidity of the sulphonic acid group. In the present study, the performance of WAC was influenced significantly by the solution pH. Higher uptakes were achieved when the equilibrium pH was above 6 (Fig. 2b) . It was related to the affinity of WAC toward H + ions in acidic region [28] . It indicates when used in acidic solutions, WAC will favor hydrogen ions over TMA + and thus the uptake of TMA + will be hindered. To ensure optimum uptake of TMA + ion, the equilibrium pH must be maintained over 6.5 when using WAC.
C. Desorption Study
Desorption study was performed to assess the regeneration of resin. The experimental results revealed the optimum concentration of HCl solution for SAC regeneration is 2 N with 20 minutes contact time (Table III) . For WAC, the optimum concentration is 1 N and 90 minutes contact time (Table IV) . For the SAC resin, the effect of acid concentration on desorption was investigated since a preliminary study using 1 N hydrochloric acid showed only 70% regeneration efficiency. Increase in the acid concentration used raises the TMA + ion desorption from the resin, therefore 2 N HCl solution was used for further experiments. On the other hand, 1 N HCl solution is considered sufficient. Concerning the time needed for desorption, it has been indicated that since the WAC exchange resin adsorbs acid slowly, a minimum contact time of 30 minutes is required [29] , as also confirmed in Table IV . Ninety minutes contact time for WAC was then chosen. Five ion exchange-desorption cycles were performed and there was no significant decrease in the TMA + uptake capacity (Figs. 3a  and 3b ).
D. Ion Exchange Modeling
It is commonly found that ion exchange data are represented using common adsorption isotherms such as the Langmuir and Freundlich models. To obtain a more definite and quantitative description of ion exchange, a model represented by the selectivity coefficient is used. This coefficient shows how strong a certain ion is retained relatively to ion originally bonded to resin matrix based on concentration ratio [28] . There will be preference of ion exchange toward specific ion compared to others because the ratio of concentration between two counter-ion species in solution is not identical to that in the ion exchange resin. The equilibrium reaction is written as: (6) K is the equilibrium constant for reaction described in (4) and Q 0 is the total capacity of the resin that is independent of the operating conditions. The value of C OH was obtained from the solution pH. From the K value, the selectivity coefficient for TMA + over H + (denoted as K AH ) can be obtained by the following derivation:
K W is the water dissociation constant (1 × 1 −14 ), taking into account of the water formation by the H + ions from the resin and the dissociated OH − ions from TMAH. For the SAC resin, the modeled results are shown in Fig. 4 and the value of K AH is 5.16. This value is greater than 1 which means SAC possesses greater preference of TMA + ion over H + ion. This explains high uptake of TMA + ion as shown in the experimental results. Same model was applied to WAC and the model fitting is shown in Fig. 5 . When converted to the selectivity coefficient, the value of calculated K AH is 6.45 × 10 −4 , four orders of magnitude lower than SAC. The experimental data show high removal of TMA + using WAC, which is reasonable due to the fact that WAC has high resin capacity and only a small portion of the capacity is needed to uptake TMA + ion. However, the value of selectivity coefficient seems not consistent. When high uptake is observed, the value of selectivity coefficient should be higher than 1, indicating high preference of resin toward certain ion (here is TMA + ) compared to hydrogen ions originally contained in the resin matrix. It is because acid group of WAC is carboxylic acid. This drives accumulation of H + ion on the surface of the resin, creating different surface potential between the resin surface and the bulk solution, and yielding in low selectivity coefficient.
E. Effect of Interfering Ions on TMAH Uptake Using SAC
The presence of other ions can affect ion exchange process both in positive and negative ways. There was a case where the presence of competing ion enhanced the uptake of specific ions [30] , but most studies revealed that any presence of competing ions will retard the uptake of target ion [31] - [33] . Ammonium ions are commonly found in wastewater, and because TMAH is a quaternary ammonium, it is then important to investigate the effect of primary ammonium on the exchange process. In addition to ammonium, other ions commonly found in water with different charges, namely sodium, magnesium, and potassium, were also spiked to the TMAH solution to investigate the effect of competing cation interference on TMA + uptake. Slightly different model was applied as the interfering ions used do not possess hydroxide groups.
For example, the equilibrium reaction for TMA + (denoted as A) and K + (denoted as K) will be:
The amount of ion exchanged with H + ion per gram resin then equals to:
where K KH is the selectivity coefficient of K + (or other ions) over H + ion, q is the amount of ion exchanged with H + ion per gram resin (meq/g), C is the equilibrium concentration of ion in the solution (meq/L), C 0 is the initial concentration of ion in the solution (meq/L), and Q 0 is total resin capacity (meq/g).
The values of K AH from (6) to (11) and K KH from (13) were then used to predict TMA + uptake when interfering ions were present.
Equations (20) and (21) were then solved simultaneously. The value of selectivity coefficient for each ion is presented in Table V . The presence of competing ions significantly affected the TMA + uptake. These ions will compete for the exchangeable sites, and thus decrease the amount of TMA + exchanged with H + ion from the resin. As the concentration of competing ions increased, the TMA + uptake decreased. Figs. 6a to 6d illustrates the extent of how competing ions affected ion exchange of TMA + , and TMA + uptake decreased significantly when Mg 2+ was present in the solution. This may be explained by the charge difference and solvated radius. It has been indicated that the most significant interference is when in the presence of ion with higher charge [34] . Donnan potential, as the driving force for ion exchange to occurs, is proportional to the ionic charge. This means the preference of ion exchange will increase over ions with higher valences. Another factor affecting the selectivity is the solvated radius of ions. Large solvated ions will stimulate stronger swelling of resin. When resin swells, the elastic matrix will be stretched and hence smaller solvated equivalent volume of ions will produce less swelling [28] . Additional information about the ionic and solvated radius is presented in Table VI . This also confirms the postulation that electrostatic interaction is the major driving force of ion exchange, and the decrease in the hydrated radius or the increase in the ionic charge will also enhance binding strength between the stationary matrix of resin and ions involved [35] . IV. Conclusion This present study highlights the investigation of TMAH removal from aqueous solution using two types of cation exchange resins. Conclusions of the study are as follows:
1) The results revealed excellent TMAH removal.
2) Kinetic study implies the rate of exchange between TMA + and H + ion is fast and the time needed to reach equilibrium was 20 minutes when using SAC, and 40 minutes when using WAC.
3) Acidity of the solution plays an important role; it is necessary to maintain the equilibrium pH above 6.5 when using WAC exchange resin. Higher binding energy between the resin and TMA + ion suggests significant electrostatic interaction with sulphonic and carboxylic acid group in the resins. 4) For desorption process, 2 N HCl solution and 20 minutes contact time was found to be best for regenerating SAC, while 1 N HCl solution and 90 minutes was needed for regenerating WAC. 5) The selectivity coefficient of SAC is 5.16. The selectivity coefficient for WAC is 6.45 × 10 −4 in the bulk solution. 6) Concerning the interference of other ions, the resin selectivity over H + was affected by both ionic valence and radii. It is affirmed that ion exchanger prefers ions with higher charge and smaller solvated radius. The findings of this study indicate that ion exchange process is a feasible technology for the removal and recovery of TMAH from wastewater. This study focuses on synthetic wastewater spiked with different ions contained in typical TFT-LCD wastewater in batch system. For future scale-up, real wastewater needs to be tested and cost-benefit analysis is needed in the future.
